The rheological properties of starch gels prepared by mixing starch and xanthan at different concentrations and temperatures, were investigated. Potato starch suspensions at concentrations: 10-15%, and xanthan gums at concentrations 0.1% and 0.3% were separately prepared at 75 C and 90 C and successively mixed. The gel-cure behavior of these mixtures was studied by performing large deformation experiments and oscillatory shear tests during a period of 24 h. Both yield stress and apparent Young's modulus were mainly influenced by the time of gel aging and the starch concentration. Temperature of preparation and xanthan concentration, had less pronounced effects on the overall rheology. Similar observations were made by oscillatory experiments. Increase in xanthan concentration resulted in changes for all G 0 and G 00 values (greater values). Xanthan addition accelerated gel setting but it not its further structure building. This was especially evident at 0.1% xanthan concentration, where similar G 0 values to control samples were observed at the end of storage.
INTRODUCTION
An hydrocolloid in a starch paste can induce macromolecules associations (synergistic effects) as in case of guar gum or locust bean gum with wheat and corn starch [24] and starch amylose with guar gum, [25] or can promote phase separation between the macromolecules in continuous phase as in amylopectin-galactomannan systems, [26] or in case of agarose, k-and i-carrageenan with various types of starch. [27] Xanthan can make the forces exerted on starch granules in the shear field much larger than those in starch-water suspensions. This affects granule breakdown and the amount of material exuded into the medium [28, 29] leading to viscosity increase. It can also increase the capacity of starch granules to swell. [30] Xanthan can also associate with soluble amylose but it does not seem to influence the crystallisation of amylopectin. [31] An increase in viscosity of a starch=hydrocolloid system could be correlated to the release of amylose and low molecular weight of amylopectin, promoting formation of polymer complexes. [32] Opposite assumption has been reported [33] supporting that incompatibility phenomena between unlike polymers, i.e., amylose and xanthan were observed causing phase separation. Finally, xanthan may compete starch for water and this competition produces the synergistic increase in gel rigidity in the mixed system. [34] The aim of the study was to investigate the effect of starch and xanthan concentration and preparation temperature on starch gelation in ambient conditions. Compression and dynamic experiments were performed. These two different types of experiments were chosen to provide additional information about the behavior of different macromolecules (amylose, amylopectin, and xanthan) in the mixtures.
MATERIALS AND METHODS

Materials
For the experiments soluble potato starch from Merck (degraded to molecular weight 6000-8000 by acid hydrolysis) as well as xanthan gum from Sigma were used. The intrinsic viscosity of xanthan solution according to the Huggins' equation, [35] was [Z] ¼ 1.87 m 3 =kg. Xanthan was diluted in deionized water at different concentrations. Samples were preheated at 75 C and viscosity was measured with a falling ball viscometer (HAAKE Mess-Technik GmbHu. Co., Germany) at 25 C (ball: boron silica glass r ¼ 2200 kg=m 3 
Higher values of intrinsic viscosity are reported for xanthan solutions in the presence of salt (6.1 and 7.1 m 3 =kg in 0.1 M NaCl are reported [36, 37] and 9.55 in 1% KCl [33] ) because of a greater structure stabilization at greater ionic strength than in aqueous solution. However, in aqueous solution lower value of intrinsic viscosity has been reported, similar to this reported in this study (1.4 m 3 =kg, pH ¼ 9), [38] although lower [Z] value, 1.35 m 3 =kg has been also reported in 0.1 M NaCl solution. [39] The size distribution of the average diameter of the unheated starch granules was: 15 mm 19.7%, 15-27.5 mm 48.52%, 27.5-40 mm 28.45%, >40 mm 3.33%. The above values were obtained from LM pictures and image processing analysis from a total of 812 granules. The average mean diameter was 9.25 AE 3.75 mm. The amylose content of starch determined by the method of Gilbert and Spragg was 21.8 AE 1.9%. [40] Preparation Conditions Starch and xanthan dispersions at different concentrations were prepared and heated at 75 C or 90 C. The temperature of samples was recorded by thermocouples and the whole heating process lasted 20 min after the samples had reached the above mentioned temperature. During heating starch and xanthan dispersions were stirred by a 4-bladed propeller stirrer at 200 rpm, and 500 rpm. respectively. The rate of heating in preparing starch solutions in water bath was 7 C=min up to a temperature of 50 C, 5 C=min up to 65 C, and 1 C=min up to 75 C. In case of 90 C, the samples were heated at a rate of 8.5 C=min, 5 C=min and 1.5 C=min up to temperatures 50 C, 70 C, and 90 C respectively.
Xanthan solutions were heated at a rate of 6.7 C=min, 4 C=min, and 1 C=min up to 50 C, 65 C, and 75 C respectively. For samples prepared at 90 C the heating rate was 10 C=min, 4.7 C=min, and 1.5 C=min up to 50 C, 70 C and 90 C respectively. The two different dispersions of starch and xanthan were then mixed and the mixture was heated under stirring at 200 rpm. for further 5 min at the above mentioned temperature (75 C or 90 C). The final concentrations of investigated starch, were 10%, 12%, and 15% (wb) and xanthan 0.1% or 0.3% (wb). The moisture content of starch and xanthan samples was 5.2 AE 0.2% and 11.2 AE 0.1% respectively.
The preparation temperatures were chosen according to gelatinization experiments evaluating swelling power and solubility index at different temperatures. Swelling power and solubility index were determined using a modification of the method of Leach et al. [41] Starch dispersions of 2% were heated in centrifugal tubes at different temperatures from 65 to 95 C for 5, 10, 20, and 30 min. After heating, samples were centrifuged (3000 rpm, 15 min). Sediment was separated from supernatant and weighed. Both phases were dried at 105 C for 24 h and dry solids were calculated. Swelling power (SP) is the ratio of the weight of swollen starch granules after centrifugation (g) to their dry mass (g). The solubility index (SOL) is the percentage of dry mass of solubles in supernatant to the dry weight of whole starch sample. For each measurement 5-8 replicates were used. According to Fig. 1 a peak of SP at 73-77 C was observed and successively a decrease up to 95 C. Therefore 75 C, where a great swelling of granules and extended solubilization were noticed and 90 C, where SP was low due to many fragments, were chosen. Soluble potato starch does not swell as much as native potato starch, it has low viscosity and it is stable during storage since syneresis has not been observed.
Large Deformation Experiments
After their preparations samples were poured in petri dishes (40.20 mm Â 13 mm) stored at 25 C and compression tests were performed at different time intervals. For compression tests an Instron Universal Machine (Instron 1011) was used. The plunger diameter was 40 mm and the crosshead speed 10 mm=min. The deformation level was 35% of original sample height and four replicates were used for each measurement. The parameters measured were: the true yield stress and the apparent Young's modulus.
At some point, the stress-strain curve deviates from linearity and strain increases without an increase in stress. This point is defined as the yield point and stress calculated is the yield stress. Yield point indicates the failure of some structural elements of a sample without its total rupture and macroscopic collapse. In these experiments, it corresponds mainly to the beginning of the structure break which continues thereafter and reaches a peak at rupture point. The true stress was calculated by dividing the force (F t ) at yield point by the actual cross-sectional area (A t ) of the deformed gels assuming that the gels were incompressible:
A 0 : original area of sample, H 0 : initial height of the gel, H t : height of the gel at time t. The apparent Young's modulus (E ap ) was the linear portion of the stressstrain relationship. For its calculation, stress values were obtained by dividing force values before yield point to original area of sample (engineering stress). Strain values were calculated from the ratio between the deformation of samples before yield point and their initial height (Fig. 2) . The term ''apparent Young's modulus'' was used due to the nonlinearity of the stress-strain relationship and the difficulty in establishing a proportional limit for computing the modulus of elasticity. For this reason it is also used the term ''modulus of deformability''. [42] The modulus of deformability or the apparent Young's modulus is calculated on the basis of a total strain (elastic and plastic) up to an arbitrarily selected point. Four replicates were used for each measurement. 
Dynamic Mode Experiments
For the rheological measurements, the samples were prepared in the same way and degassed thereafter. A controlled stress rheometer (SR-5 Universal Stress Rheometer, Rheometric Scientific, Inc., NJ) was used. The sample was put between two parallel plates at a distance of 0.5 mm. The diameter of the upper plate was 20 mm. The frequency used was 0.2 Hz and the measurements were made in the linear viscoelastic region. For this reason the maximal stress used was 1 Pa. This frequency was selected according to preliminary experiments at different frequencies. At relative low frequencies (<0.5 Hz) better values for G 0 and G 00 values were obtained, since torque values were within the range given by the manufacturer. The temperature was constant (25 C) by circulating water from a constant temperature circulator and the gelation kinetics were recorded. All experiments started 1 h after the preparation of samples and lasted 24 h. The periphery of samples was coated with paraffin oil to minimize evaporation of water. Samples remained for temperature equilibration 10 min between the plates before starting the experiments.
Frequency spectra were performed for samples prepared as described above. The variation of G 0 , G 00 with strain at a constant frequency (0.1 Hz) was recorded, for finding the linear viscoelastic region and then a stress value within the linear viscoelastic domain (usually 1 Pa, although in same cases greater values were also applied such as 2-3 Pa), was chosen for frequency spectra (Fig. 3) . A smaller frequency value was selected for recording G 0 , G 00 with strain, than in previous ones, because in frequency spectra performed, relative low frequency values were used and 0.1 Hz was selected as a midrange value. Samples were measured 3 h after their preparation. For low starch concentrations at this aging time, measurements were not possible due to very low values of G 0 , G 00 , and torque at these conditions. Two replications were made for each experiment.
RESULTS AND DISCUSSION
Large Deformation Experiments
Yield stress change during storage is illustrated in Fig. 4 . Samples of different starch concentration and preparation temperature containing the same amount of xanthan, were compared. For starch concentration 12% and 15% and preparation temperature 90 C, samples with 0.3% xanthan were also presented. Yield stress increased during storage. This increase was more influenced by starch concentration and less by preparation temperature and xanthan concentration. According to literature data the firmness of corn and wheat starch gels stored at 25 C, rose rapidly within the first hours of storage and then increased slowly. [43] In high moisture systems as the ones shown here, the aggregation of amylose leads to the formation of an intergranular network, inducing the gelation of starch dispersions. [44] Amylose retrogradates fast and attributes to stiffness increase, unlike amylopectin which retrogradates slower and is connected to long-term changes during storage. [17, 45] Yield stress with storage time can be fitted by a polynomial equation of two orders with R 2 > 0.9 (here are presented polynomial correlations with time) for the three concentrations investigated. Concerning the starch amount effects, the curvature changes when starch concentration rises to 15%. In this concentration the rate of firmness increase was greater initially, indicating that structural changes occurred during the first hours of storage. During the last hours a permanent network existed i.e., a strong gel as defined by Clark and Ross-Murphy. [46] On the contrary, the yield stress of starch pastes of the lowest concentration investigated (10%), and consequently the lowest amount of amylose excluded in the continuous phase, could be measured after 8 h, indicating that the aggregates formation took quite a long time to lead to gel creation.
As far as the temperature of preparation is concerned, small differences were detected among samples, as contrasted to long-term storage, where greater differences were caused. [47] Generally, higher preparation temperature caused an increase in the yield stress, but the differences were insignificant for xanthan concentration 0.1%, and starch concentration 10% or 12%. Greater differences were noticed for starch concentration 15%. However, the structure of samples changes with preparation temperature. At 75 C according to LM pictures [47] there were many granules (empty or filled) embedded in a continuous phase. Additionally, due to the acid hydrolysis of starch, the short chain segments of amylose and amylopectin were easily released outside the granules and their greatest amount was found in the continuous phase. In this system, both the continuous phase and the dispersed granules could determine the firmness of gel. However, for the time period investigated and especially the first hours of measurements, samples had low viscosity and granules did not contribute to enhance the elastic character of the material. On the other hand, at 90 C the majority of granules were disrupted and few ''ghosts'' were observed.
In spite of the structural differences the heating process (time, temperature) could cause a phase separation into amylopectin-rich and amylose-rich domains within the solubilized starch. [5, 48] At higher temperature (90 C), it is believed that the phase separation was promoted causing a structure inhomogeneity. Starch granules were excluded from amylose and amylopectin, which were also separated from each other resulting in increasing their local concentration.
Finally, xanthan addition could have two possible effects on the system. It could enhance the stiffness of the mixture as it is a stiff hydrocolloid in itself, or it could have a disruptive role decreasing the overall stiffness, by hindering retrogradation and interrupting the polymer associations. This interruption could also be the result of the interposition of xanthan between the granules and the continuous phase, thus reducing the cohesion between these two factors as it is reported for emulsifiers and starch mixtures. [44] Actually, an increase in xanthan concentration (0.3%) increased the rigidity of the gels, especially the gels of starch concentration 15% . It did not seem to have neither synergistic effects with amylose nor to inhibit amylose retrogradation. For synergistic effects a more pronounced firmness increase should have been noticed. Especially at lower starch concentrations, the xanthan concentration increase did not seem to have influenced firmness significantly. On the other hand, if a retardation of amylose retrogradation occurred, the increase in xanthan concentration should lead to yield stress decrease during storage time. It is more probable that microphase-separated domains of amylose, xanthan, and amylopectin are formed as a consequence of demixing. This phase separation was more pronounced with temperature preparation increase.
Similar observations to yield stress were made for apparent Young's modulus, which was mainly influenced by starch concentration (Fig. 5) . It was mentioned, that the Young's modulus reflects the ability of starch granules to be deformed; but provided that in these systems the granules have minor effects on the overall rheology, the apparent Young's modulus is mainly related to the overall stiffness of the continuous phase. However, it should be mentioned that for all samples with 0.1% xanthan prepared at 75 C-wherever there are some remained granules-the rate of modulus increase was greater than the rate of yield stress increase initially. If we accept that the apparent Young's modulus is partially correlated to the granules ability to be deformed, it seems that any granules become fast stiff parallel to structural changes in the continuous phase. Thereafter, the continuous phase changes determine the overall rheology.
Dynamic Mode Experiments
In gel-cure experiments, the elastic portion of a sample as expressed by storage modulus, can be recorded with time. Samples had already an ageing time of 1 h, as it was mentioned in materials and methods, when the experiments started (t ¼ 0). The gel formation, which is characteristic for starch gels depends upon starch concentration as it was noticed in large deformation experiments and it can be altered by the addition of an hydrocolloid ( Fig. 6 and 7) . At starch concentration 12%, storage modulus G 0 of sample without xanthan (control) increased fast and after a certain time it became quite equal to that containing 0.1% xanthan. At starch concentration 15%, there were no significant differences between control and sample containing 0.1% or 0.3% xanthan (Fig. 6 ), but samples at this starch concentration showed even from the first hours of gelation greater values of G 0 compared to those of 12% and 10% with the same xanthan concentration (Fig. 7) . These samples developed their structure network very soon before starting the measurements (e.g., the first hour after their preparation) and then the storage modulus increased steadily but slower. This means, that they build themselves quicker than these containing smaller amount of starch but this is hidden in the time during which the experiment is not started. On the contrary, when the concentration was lower, initially G 0 values were low but a progressive increase of these values was noticed during storage suggesting a progressive cross linking mechanism. Generally, the rate of change of G 0 is proportional to the rate of change of crosslink density. [49] As in large deformation experiments, generally at constant xanthan concentration an increase in starch concentration, increased also the storage modulus (G 0 ) of samples. The rate of increase was strongly associated with concentration and differences among samples of different starch concentration can be more clearly detected than in large deformation tests especially at the beginning of the storage (Fig. 7) .
According to literature data, hydrocolloids retarded the gelation kinetics of waxy corn starch with the decrease in storage modulus development of amylopectin-hydrocolloid gels attributed to polysaccharide interference of intermolecular associations among amylopectin molecules. [50] Besides, the addition of hydrocolloids (guar gum, locust bean gum, k-carrageenan, xanthan and CMC) to maize starch shortens the gel formation process but the final values of G 0 after almost 13 hours are lower than that of pure starch. [51] According to these authors, the acceleration of the gel formation may be caused by the thickening effect of the hydrocolloids. They proposed as others authors also did, [33, 52] that phase separation occurs and interactions between chain segments of the same type are favored. This assumption, as it was also reported for large deformation experiments is more probable. It is suggested that systems containing 10% and 12% starch, in which granules have not a high swelling capacity comparing to native starch granules, are not close- packing. Xanthan addition causes starch granules exclusion leading to an increase of both starch concentration and its concentration in the continuous phase. By increasing starch concentration (15%), a close-packed system is produced. An addition of xanthan leads to an increase of the close-packing phenomenon but in a smaller extent. Due to xanthan interposition among the granules and its thickening properties, diffusion of different macromolecules (amylose, amylopectin) was hindered from the beginning of the storage, as it has also been reported in mixtures of starch with ethyl (hydroxyethyl) cellulose (53) . Although xanthan produced, at least initially, samples with greater G 0 values, it had a minor role in overall rheology. It can be stated that it helped at the formation of a gel but after that at concentrations investigated the changes of amylose and at greater storage times of amylopectin matrix become very important for the rheology of the system. It is suggested that its role is not to further build-up the starch network.
The increase in preparation temperature and xanthan concentration resulted in greater G 0 values ( Fig. 7 and 8 ) but produced small differences. Differences among samples prepared at different temperatures were more pronounced after extended storage and were more evident than those of large deformation experiments. Furthermore, the increase rate of storage modulus was greater for gels prepared at 90 C. At this temperature, as it was referred for large deformation experiments, phase separation was promoted and gel building took place faster. This can be also seen in Fig. 9 , in which the temperature effects on cross-over time, the time when G 0 ¼ G 00 , are presented. At this time a change from a viscoelastic fluid to a viscoelastic solid takes place, [10] although it should be mentioned that this cross-over point is frequency dependent. As the preparation temperature increased, the cross-over point was observed earlier, meaning that the gel was set up Increase in xanthan concentration could also influence the rate of gel building (Fig. 10 ). Storage modulus rose rapidly for sample containing 0.1% xanthan comparing to sample containing 0.3% xanthan, but then its increase rate remained constant. Gelation process at the time investigated is therefore a two stage process. One initial fast stage corresponding to great structural changes and a second one corresponding to slower macromolecules aggregation. As the concentration of either starch or xanthan increases, the first stage reduces significantly and it can be assumed that the rate of G 0 increase becomes an one stage process. Xanthan contributes to the diminution of the first stage of G 0 increase, but it does not seem to influence significantly the second one.
According to the frequency spectra ( Fig. 11) , all samples at 15% starch concentration behave like true gels. In xanthan-starch mixtures prepared at 75 C, lower G 0 values were noticed than in same samples prepared at 90 C. Furthermore, G 0 values were lower than those of control starch gels prepared at 90 C. Control gels had the lowest tan d values, meaning that there are the most elastic ones, confirming that xanthan does not produce more structured, solid-like samples. Although the differences were small, they indicate that middle preparation temperature with addition of small xanthan concentration could produce gels similar to those prepared at higher temperatures without xanthan. 
CONCLUSIONS
Large deformation and dynamic experiments carried out in order to verify or compare the results derived from each type of experiments. Gel strength and stiffness was highly affected by starch concentration and much less by xanthan concentration or preparation temperature. For another type of starch, e.g., native starches, this could be different since the granules role would be decisive. Dynamic experiments revealed more details about the first stage of gel building at the beginning of storage than large deformation measurements did, since in compression, changes on starch concentration produced evident changes on gel strength. As a thickener xanthan accelerated the gel setting, an effect also resulted from the preparation temperature increase. Its role on overall rheology was indirect. It enhanced starch granules exclusion and it hinders extensive macromolecules diffusion but after that, its effects were time independent, meaning that it did not strengthen or interfere in starch network build-up with storage. Any stiffness increase within time can be attributed to other phenomena such as microphase separation and biopolymers concentration increase at each phase, at which interactions among macromolecules of the same type are promoted.
